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Schematic methodology

Domestic requirement matrix (A)
Keeping the final demand (Y) unchanged
. The MRIO approach allows to model policies scenarios and their associated changes in economic structure, interregional flows and final demand, and socio-economic influences and their effects on emissions or resource consumption via explicit representation of environmental coefficients associated with specific economic activities (67, 68) . MRIO tables have been widely used for investigations of global or national trade influences on pollution transfers (18, 52, 53, 69) . For water resources, MRIO can not only track virtual water flows from final demand to water extraction throughout regional to global supply chains (70), but environmental impacts via the water stress index (WSI) (65). Furthermore, MRIO can facilitate to map patterns of interactions, trade-off and win-win outcomes, between environmental and socio-economic indicators (30, 71 The share of coal in primary energy consumption will decrease to less than 50% by 2017.
Electricity
The share of external electricity input will be over 34.71%. 
Domestic electricity 82%
From this frame work, the extended multi-regional input-output model can be calculated as, which associated with emissions or resources in each region
in which P represents total emissions or resource consumption to satisfy the production of goods and services along the whole national supply chain triggered by final demands directly and indirectly; k is a row coefficient vector of emissions or resource consumption for per unit of economic output for all economic sectors; I is the identity matrix, Step 1: We set the technical coefficient A matrix of BAU MRIO as the baseline (0) Step 2: Conventionally, the RAS approach defines . Since these need to be known for the new policy, they will be designated (1) u and (1) v . Thus, the RAS procedure addresses that: given an nn  matrix (0) A and three n element vectors ( (1) X , (1) u , and (1) v ), to estimate new (1) A under the JJJ clean air policy.
Step 3: Starting with row sums, it need to compare the difference between 00[ (0) (1)]  u Z i A x i with (1) u . Set n elements diagonal matrix R to represent the parameter for adjusting the sum of rows, i.e.,
10
(1) / ii r u u  (the subscript in the description of RAS technique stands for the round of adjustment in the procedure), and R can be written as
The rows of (0) 
Here, a better estimate of (1) Z is obtained, namely Step 4: To check column sums, we need to compare (1) v and 11 ()   Z i v . In order to meet the column sum information, n elements diagonal matrix S is set for the modified parameter to adjust the sum of columns
Then the second estimate, 2 A , can be formed as
After these adjustments, the column sums are calculated
Combing Eq. 6 and 8, it would yield
Step 5: By repetition of these adjustment procedures, we would get 
The RAS adjustment procedure does converge at a given terminal condition such that all elements in both
are no more than e . Here, we set e as 0.001.
Step 6: Repeating steps 3-5 until terminal conditions are satisfied. Then we get the new technical coefficient matrix new A and balanced MRIO table for the JJJ clean air policy scenario.
(e) Calculation of spillover index (SPI)
The spillover index (SPI) is calculated by the additional pollution or resource consumption in the rest of China caused by the JJJ clean air policy over the pollution or resource decrease in the JJJ region (without direct pollution and resource reduction from residential activities).
According to Eq. 4, the total emissions or resource consumption for each region to satisfy the production of goods and services along the whole national supply chain under BAU ( (BAU) P ) and the JJJ clean air policy scenario ( where r stands for region r.
Policy scenario
The policy scenario is simulated within the framework of MRIO based on the following steps (75, 76):.
Step 1: Keep the final demand of JJJ and rest regions in China unchanged.
Step 2: Scale down the imports of JJJ's sector i of according to the change ratio set by the policy (see last column in Table S1 ).
Step 3: Calculate the total amount of input reduction of JJJ's sector i and scale up the imports from other regions in China to meet the shortfall.
Step 4: Calculate the increase rest of China's exports to JJJ, and scale up the inputs of sector i in rest of China.
Step 5: Repeat the technique change process of sectors mentioned in Table S1 .
Step 6: Using RAS technique to rebalance MRIO matrix.
Emission and scarce water consumption factors (a) Emission factors
The primary PM 2.5 , SO 2 , NO x , NH 3 , and NMVOCs emission inventory is obtained from GAINS model (62). GAINS model provides primary PM 2.5 , SO 2 , NO x , NH 3 , and NMVOCs emission inventories of 59 sectors (77) in 30 provinces of China (78). The data set of PM2.5 and its precursors are obtained from ECLIPSE_V5a_CLE_base scenario (2010) in IIASA's GAINS model, which is adopted as a baseline in this study (78). The CO 2 emission factors are calculated based on the CO 2 inventory published by CEADs (64). The classification of the emission inventory and sectoral classification of MRIO2012 table are different. Thus we need to establish a concordance matrix that matches emissions from different classifications and reallocates the emissions to each sector proportional to size (79). Table S2 provides the concordance matrix from GAINS sectors to MRIO sectors.
(b) Scarce water consumption factors
The water consumption intensity factors are provided by Feng et al.(29) . The sectoral water withdrawal data in each province based on China Economic Census Yearbook (80) and China Water Resources Bulletin (81). Here water consumption refers to the amount of withdrawn blue water that does not return to the ecosystem during a given time period. The ratio of water consumption to water withdrawal is observed in each river basin and for each sector (29), and the water consumption can be calculated by multiplying water withdrawal data with the ratio of water consumption to water withdrawal. The water stress index (WSI) is calculated for the explanation of water stress levels, ranging from 0 (no stress) to 1 (maximum stress), considering water availability, ecosystem type, and climate conditions (65). In this study, we use the WSI calculated by Feng et al. (29) for each province in China. For the scarce water consumption calculation, the provincial fresh water consumption is multiplied by provincial WSI in order to reflect the consumption impact on water stress. Then the scarce water intensity coefficient is calculated by the scarce water consumption over total economic output of each sector in each province.
GEOS-Chem simulations to analyze impacts of the JJJ clean air policy on ambient PM 2.5 concentration in China (a) GEOS-Chem simulation
The impact of the JJJ clean air policy on ambient PM 2.5 concentration in China is simulated by the nested GEOS-Chem chemical transport model (version 11-01) at a high horizontal resolution of 0.3125° longitude × 0.25° latitude with 47 vertical layers. The model is driven by the assimilated meteorological data of GEOS-FP from National Aeronautics and Space Administration (NASA) Global Modeling Assimilation Office (GMAO; http://GMAO.gsfc.nasa.gov/).
Simulations are run with the full Ox-NOx-CO-VOC-HOx chemistry and online calculation for various aerosols (secondary inorganic aerosols (SIOA, including sulfate, nitrate, and ammonium), BC, OC, secondary organic aerosols (SOA), dust, and sea salts). SIOA is assumed as being in thermodynamic equilibrium and modeled by ISOROPIA II (82). Heterogeneous process of sulfate and nitrate follows updates in Zhang et al. (34) . SOA is estimated based on Liao et al. (83) and Marais et al. (84) . Dry deposition and wet deposition of aerosols follow Zhang et al. (85) and Liu et al. (86) , respectively. Uptake of the hydroperoxyl radical on aerosols follows Lin et al. (87) . Anthropogenic aromatics are represented by propene as surrogate. Model convection uses a modified Relaxed Arakawa-Schubert scheme and model advection adopts the TPCORE algorithm. The boundary layer mixing is calculated by a non-local scheme (89).
The gridded national anthropogenic emissions of primary PM 2.5 (excluding BC and OC), NH 3 , NO x , SO 2 , CO, BC, and OC in different scenarios (Table S5 ) are needed to drive GEOS-Chem. Here we develop the gridded emissions with monthly variability based on MEIC v1.2 (89) which contains five major sectors (agriculture, industry, power, residential, and transportation). To aggregate the emissions estimated in our research, we map GAINS emissions sectors and MRIO sectors to MEIC sectors. The mapping matrixes are given in Table S3 and S4. Biogenic emissions are considered in GEOS-Chem by using the Model of Emissions of Gases and Aerosols from Nature version 2.1 (MEGAN v2.1) (90). Soil NO x emissions follow Hudman et al. (91) . Biomass burning emissions are taken from Global Fire Emission Database version 4 (GFED v4) (92).
(b) Atmospheric scenarios
In order to illustrate the most extreme results for the PM 2.5 emission spillover effect, we choose January as an example to present the results, as the pollution status in January is the most serious in most regions. Three nested simulations have been run by covering January in 2012 further with a spin-up period of ten days. The national anthropogenic emissions of primary PM 2.5 , NH 3 , NO x , SO 2 , CO, BC, and OC developed in BAU, AP, and OS scenario (Table S5) were used as emission data inputs for simulations. Model simulations require information of the spatial distributions of emissions from individual sectors.
Simulation SIM_BAU is driven by total emissions over China in the BAU scenario while emissions in simulation SIM_AP and SIM_OS are replaced by estimated emissions in the JJJ clean air policy scenario over the whole China and only the rest of China except JJJ (outsourced emissions), respectively. The difference between SIM_BAU and SIM_AP denotes the impact of the JJJ clean air policy on national PM 2.5 concentration. A decline of local emissions relives the air pollution problem in JJJ, but the air pollution transport from outside where emissions increased due to the policy may offset the effect. By comparing SIM_BAU and SIM_OS, we can evaluate the offset impact due to atmospheric transport of increased emissions from outside. Compare the differences between the JJJ clean air policy scenario and BAU OS Impacts of outsourced emissions to the rest of China on JJJ air pollution via atmospheric transport
Compare the differences between outsourcing scenario and BAU
AP without outsourcing
Impacts of the JJJ clean air policy on changes of ambient PM 2.5 concentration without the impacts of outsourced emissions.
Compare the differences between AP and OS
Emission remapping
In order to facilitate the understanding of the emission estimation processes, this part explains the steps required to remap emission from emission collection, emission estimation for scenarios, gridding of monthly emissions, and modeling of atmospheric transport. Specifically, we take primary PM 2.5 emissions in Beijing's electricity sector as an example for detailed explanation.
(a) Emission data collection
The emission data inventory of primary PM 2.5 and its precursors are collected from IIASA's GAINS model, including 59 sectors in 30 provinces of China (see supplementary materials, part 5). E.g.: Primary PM 2.5 emissions for the electricity sector of Beijing are collected from GAINS sector Public electricity and heat production (first column of Table S2 ).
(b) Scenario model construction According to the JJJ clean air policy requirement (supplementary materials, part 2), we establish the policy scenario based on the MRIO approach and RAS technique (supplementary materials, parts 3 and 4), and calculate the new technical coefficient matrix ( A matrix) of the JJJ clean air policy scenario. This allows us to calculate the adjusted MRIO table that represents the JJJ clean air policy scenario.
E.g.: The domestic production of the electricity sector in Beijing are reduced, while the electricity imports for Beijing from other regions are scaled up. After the adjustment of all sectors according to the policy requirement, the MRIO matrix is balanced via RAS approach, and the new MRIO table based on the JJJ clean air policy scenario is calculated.
(c) Emissions of BAU and JJJ clean air policy scenarios
Emissions of BAU scenario are based on the emission inventory from GAINS, which provides detailed sectoral emissions of each province in China. The classification of the emission inventory and sectoral classification of the MRIO table are different. The concordance matrix (Table S2 ) is established to match the emissions from the GAINS sectors to MRIO sectors (supplementary materials, part 5). Based on the detailed emission information provided by GAINS and total outputs of each sector and province from the MRIO, we can calculate the emission intensity of each sector in each province of China. Considering the JJJ clean air policy, emissions of different scenarios can be estimated as the adjusted MRIO matrix multiplied by the vector of emission intensities of each sector (see Eq. 4).
E.g.: Primary PM 2.5 of Beijing's electricity sector in BAU scenario, collected from sector (1) Public electricity and heat production of GAINS, are mapped to sector (25) Electricity and steam production and supply in MRIO. The primary PM 2.5 intensity (amount of PM2.5 emissions per unit of economic output) of Beijing's electricity sector is calculated by dividing sectoral emissions by total output of the electricity sector given in the MRIO. Primary PM 2.5 of Beijing's electricity sector in the JJJ clean air policy scenario is evaluated by multiplying the emission intensity of the electricity sector with the adjusted MRIO table.
(d) Gridded monthly emissions
To drive the atmospheric chemical transport model GEOS-Chem, province-based emissions need to be converted into gridded emissions. Since MEIC provides monthly gridded emissions for 2012, we converted emissions calculated via MRIO to gridded emissions based on the spatial distribution and monthly variation of MEIC (supplementary materials, part 6).
Three steps are taken to derive gridded emissions. Firstly, we mapped the 42 sectors of the MRIO to the 5 main sectors used in MEIC (using the concordance matrix, Table S4 ). Secondly, for each sector of each province, we calculated the ratio of yearly emissions estimated in this study the equivalent sector from MEIC. Finally, we applied the ratio as a scaling factor to monthly gridded emissions from MEIC with the resolution of 0.25º long. × 0.25º lat. Here, we assumed that the spatial distribution of emissions of each sector in each province remains unchanged before and after the JJJ clean air policy.
E.g.: The primary PM 2.5 emissions of Beijing's electricity sector in both BAU and the JJJ clean air policy scenarios are mapped to the electricity sector used in MEIC. For Beijing, we calculated the ratio of yearly electricity emissions estimated in this study to that from MEIC. This ratio is applied as a scaling factor to monthly gridded emissions from MEIC with the resolution of 0.25º long. × 0.25º lat, so as to grid the primary PM 2.5 emissions from Beijing's electricity to cells in every month.
(e) Modeling atmospheric transport
We use GEOS-Chem simulations to analyze impacts of JJJ clean air policy on ambient PM 2.5 concentration in China in January. We define three types of atmospheric simulations, including SIM_BAU, SIM_AP, and SIM_OS. The differences between these simulation results reflect impacts of the JJJ clean air policy on national ambient PM 2.5 concentration, as well as the influence of outsourced emissions on JJJ region (supplementary materials, part 6).
E.g.: The gridded emissions in both BAU and clean air policy scenarios are utilized to drive the atmospheric chemical transport model GEOS-Chem. 
Uncertainties and limitations
There are uncertainties and limitations of our research concerning the estimation of emission inventory, underlying assumptions of the air pollution control scenario and spillover index, and modelling of atmospheric transport.
(a) Emission inventory estimation
The emission inventory of this study is collected from the GAINS model (62). GAINS attempts to provide a comprehensive account of emissions of human activities. GAINS faces uncertainties due to methodological issues, insufficient data, and incomplete information of economic activities, energy utilization and emission reduction measures (93). Fig. S4 provides the comparison of production-based emission (PM 2.5 , SO 2 , NH 3, NO x , and NMVOCs) estimates between this study (2010) and Multi-resolution emission inventory for China (MEIC v.1.2 , 2010) (63) by sector and by region in China. The uncertainties are larger for NH 3 and NO x emissions compared with PM 2.5 , SO 2 , and NMVOCs emissions. The JJJ clean air policy scenario is established according to government documents on JJJ clean air policy, such as the "Air pollution prevention and control action plan" (14) and "The action plan for the implementation of air pollution control rules in Jing-Jin-Ji" (17). The change ratio of each targeted sector is calculated based on current production and the calculation of predicted reduction in production in JJJ region. The production shifts from JJJ to other regions are estimated based on the JJJ clean air policy combined with the MRIO 2012 economic production and trade structure. Such estimated production capacity transfer presents only an approximation and thus might introduce uncertainties of the JJJ air pollution control scenarios. However, this might provide the best estimate given the current available data.
There are a few sources of uncertainties with regards to environmental input-output analysis. The allocation of emissions to economic sectors is based on fixed emissions coefficients per unit of output, which is a reasonable assumption in the short-run.
